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α-Synuclein is an abundant neuronal protein that accumulates in insoluble inclusions in Parkinson s disease and other synucleinopathies. Fatty acids partially regulate α-Synuclein accumulation, and mesencephalic dopaminergic neurons highly express fatty acid-binding protein 3 (FABP3). We previously demonstrated that FABP3 knockout mice show decreased α-Synuclein oligomerization and neuronal degeneration of tyrosine hydroxylase (TH)-positive neurons in vivo. In this study, we newly investigated the importance of FABP3 in α-Synuclein uptake, 1-methyl-4-phenylpyridinium (MPP + )-induced axodendritic retraction, and mitochondrial dysfunction. To disclose the issues, we employed cultured mesencephalic neurons derived from wild type or FABP3 -/-C57BL6 mice and performed immunocytochemical analysis. We demonstrated that TH + neurons from FABP3 +/+ mice take up α-Synuclein monomers while FABP3 -/-TH + neurons do not. The formation of filamentous α-Synuclein inclusions following treatment with MPP + was observed only in FABP3 +/+ , and not in FABP3 -/-neurons. Notably, detailed morphological analysis revealed that FABP -/-neurons did not exhibit MPP + -induced axodendritic retraction. Moreover, FABP3 was also critical for MPP + -induced reduction of mitochondrial activity and the production of reactive oxygen species. These data indicate that FABP3 is critical for α-Synuclein uptake in dopaminergic neurons, thereby preventing synucleinopathies, including Parkinson s disease.

Introduction

Parkinson s disease (PD) [START_REF] Parkinson | An essay on the shaking palsy. 1817[END_REF] is a common neurodegenerative movement disorder which affects approximately 1% of people aged > 60 years [START_REF] Van Den Eeden | Incidence of parkinson's disease: Variation by age, gender, and race/ethnicity[END_REF][START_REF] De Lau | Epidemiology of parkinson's disease[END_REF]. Neuropathological features of PD include neuronal cell loss in the midbrain substantia nigra and the presence of cytoplasmic protein aggregates known as Lewy bodies (LBs) and Lewy neurites [START_REF] Dauer | Parkinson's disease: Mechanisms and models[END_REF]. LBs contain various proteins [START_REF] Beyer | Molecular pathology of lewy body diseases[END_REF] including tyrosine hydroxylase (TH), a rate-liming enzyme of dopamine [START_REF] Kawahata | Immunohistochemical analyses of the postmortem human brains from patients with parkinson's disease with anti-tyrosine hydroxylase antibodies[END_REF]. α-Synuclein, a 140-amino acid protein associated with synaptic vesicles in presynaptic terminals [START_REF] Maroteaux | Synuclein: A neuron-specific protein localized to the nucleus and presynaptic nerve terminal[END_REF], is the major filamentous component of LBs and Lewy neurites in PD and dementia with Lewy bodies (DLB) [START_REF] Spillantini | Alpha-synuclein in filamentous inclusions of lewy bodies from parkinson's disease and dementia with lewy bodies[END_REF][START_REF] Spillantini | Filamentous alpha-synuclein inclusions link multiple system atrophy with parkinson's disease and dementia with lewy bodies[END_REF].

Accumulation of α-Synuclein and the presence of filamentous inclusions are hallmarks of the pathogenesis of PD and dementia with Lewy bodies [START_REF] Spillantini | Alpha-synuclein in filamentous inclusions of lewy bodies from parkinson's disease and dementia with lewy bodies[END_REF][START_REF] Spillantini | Filamentous alpha-synuclein inclusions link multiple system atrophy with parkinson's disease and dementia with lewy bodies[END_REF]. We recently demonstrated a relationship between the uptake of α-Synuclein assemblies and the appearance of pathological hallmarks of synucleinopathies [START_REF] Gribaudo | Propagation of alpha-synuclein strains within human reconstructed neuronal network[END_REF][START_REF] Pieri | Structural and functional properties of prefibrillar alpha-synuclein oligomers[END_REF][START_REF] Peelaerts | Alpha-synuclein strains cause distinct synucleinopathies after local and systemic administration[END_REF]. α-Synuclein toxicity is triggered when it undergoes oligomerization in vitro [START_REF] Conway | Accelerated in vitro fibril formation by a mutant alpha-synuclein linked to early-onset parkinson disease[END_REF] and in vivo [START_REF] Winner | In vivo demonstration that alpha-synuclein oligomers are toxic[END_REF]. Therefore, the aggregation of α-Synuclein monomers is believed to play a crucial role in PD pathology. Recent studies revealed that the interaction between monomeric α-Synuclein and fatty acids or other monomers/oligomers accelerates the formation of α-Synuclein assemblies [START_REF] Van Diggelen | Two conformationally distinct alpha-synuclein oligomers share common epitopes and the ability to impair long-term potentiation[END_REF][START_REF] Li | Early stages of aggregation of engineered alpha-synuclein monomers and oligomers in solution[END_REF]. α-Synuclein oligomerization and its toxicity is dependent on the concentration of the monomers [START_REF] Ban | Direct observation of abeta amyloid fibril growth and inhibition[END_REF]. Furthermore, α-Synuclein uptake by dopaminergic neurons is indispensable and may play a role in synucleinopathies [START_REF] Wang | Alpha-synuclein disrupts stress signaling by inhibiting polo-like kinase cdc5/plk2[END_REF][START_REF] Lashuel | The many faces of alpha-synuclein: From structure and toxicity to therapeutic target[END_REF].

Various molecular mechanisms are expected for the uptake of α-Synuclein, for example, associating with α3-subunit of Na + /K + -ATPase (NKA) [START_REF] Shrivastava | Alpha-synuclein assemblies sequester neuronal alpha3-na+/k+-atpase and impair na+ gradient[END_REF], neurexin [START_REF] Rodriguez | Import and export of misfolded alpha-synuclein[END_REF][START_REF] Mao | Pathological alpha-synuclein transmission initiated by binding lymphocyte-activation gene 3[END_REF], and particular endocytic pathways [START_REF] Delenclos | Investigation of endocytic pathways for the internalization of exosome-associated oligomeric alpha-synuclein[END_REF]. Previous reports also suggested that α-Synuclein binds to fatty acids, particularly long-chain polyunsaturated fatty acids [START_REF] Sharon | Alpha-synuclein occurs in lipid-rich high molecular weight complexes, binds fatty acids, and shows homology to the fatty acid-binding proteins[END_REF][START_REF] Perrin | Exposure to long chain polyunsaturated fatty acids triggers rapid multimerization of synucleins[END_REF][START_REF] Sharon | The formation of highly soluble oligomers of alpha-synuclein is regulated by fatty acids and enhanced in parkinson's disease[END_REF]. α-Synuclein interaction with fatty acids accelerates its oligomerization [START_REF] Perrin | Exposure to long chain polyunsaturated fatty acids triggers rapid multimerization of synucleins[END_REF]. Furthermore, FABP3 protein has been shown to promote 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced α-Synuclein oligomerization [START_REF] Shioda | Fabp3 protein promotes alpha-synuclein oligomerization associated with 1-methyl-1,2,3,6-tetrahydropiridine-induced neurotoxicity[END_REF], and the inhibition of FABP3 by its targeted compounds has been demonstrated to alleviate MPTP-induced oligomerization [START_REF] Matsuo | Inhibition of mptp-induced alpha-synuclein oligomerization by fatty acid-binding protein 3 ligand in mptp-treated mice[END_REF][START_REF] Cheng | Development of fabp3 ligands that inhibit arachidonic acid-induced alpha-synuclein oligomerization[END_REF]. Altogether, these data suggest that FABP3 participates not only in α-Synuclein multimerization but also in the uptake of extracellular α-Synuclein and/or the turnover of the protein, which may favor oligomerization.

In this study, using PD model dopaminergic neurons [START_REF] Vila | Targeting programmed cell death in neurodegenerative diseases[END_REF], we demonstrated that FABP3 is critical for α-Synuclein uptake and that knocking out FABP3 completely abolished the fibrillization of α-Synuclein. In addition, we showed that FABP3 is also critical for MPP + -induced neurite retraction and the reduction of mitochondrial activity, which is accompanied by reactive oxygen species (ROS) formation.

Results

FABP3 is Critical for α-Synuclein Uptake in Cultured Mesencephalic Neurons

To investigate whether FABP3 is required for α-Synuclein uptake, we prepared cultured mesencephalic neurons derived from wild type or FABP3 -/-C57BL6 mice and exposed them to 1 µM ATTO-550-labeled α-Synuclein monomer for 48 h. In this experiment, we measured the fluorescent intensity of the uptaken ATTO-550-labeled α-Synuclein monomers in FABP3 +/+ or FABP3 -/-TH + dopaminergic neurons. We found that FABP3 +/+ TH + neurons take up ATTO-labeled α-Synuclein and showed intracellular accumulation of the protein (Figure 1A). In contrast, the internalization of α-Synuclein was dramatically attenuated in the FABP3 -/-TH + cells (Figure 1A,B, **** p < 0.0001). Detailed quantification analysis revealed that the intensity of ATTO in neurites was higher than that in the soma (Figure 1B,C, **** p < 0.0001) suggesting that α-Synuclein uptake is greater in neurites than in cell bodies. In FABP3 -/-TH + neurons, the ATTO fluorescent ratio of neurites to soma decreased (Figure 1D, **** p < 0.0001 in terminal/soma ratio), which implied that knocking out FABP3 preferentially impairs α-Synuclein uptake at neuronal processes and terminals. 

FABP3 Deficiency Abolishes MPP + -Induced Formation of α-Synuclein Inclusions in Cultured Mesencephalic Neurons

We next investigated whether FABP3 is critical for the MPP + -induced formation of α-Synuclein inclusions in cultured mesencephalic neurons. To analyze FABP3 dependency in the MPP + -induced aggregation of α-Synuclein, we exposed cultured neurons from either C57BL6 wild type FABP +/+ (WT) 

FABP3 Deficiency Abolishes MPP + -Induced Formation of α-Synuclein Inclusions in Cultured Mesencephalic Neurons

We next investigated whether FABP3 is critical for the MPP + -induced formation of α-Synuclein inclusions in cultured mesencephalic neurons. To analyze FABP3 dependency in the MPP + -induced aggregation of α-Synuclein, we exposed cultured neurons from either C57BL6 wild type FABP +/+ (WT) mice or FABP3 knockout FABP3 -/-(KO) mice to 1 µM ATTO-550-labeled α-Synuclein monomer with or without 10 µM MPP + at days in vitro (DIV) 10. We show here that the ATTO-550-labeled α-Synuclein monomer formed inclusions after 48 h of treatment with MPP + in FABP3 +/+ neurons (Figure 2A, WT). In contrast, ATTO-α-Synuclein aggregations were completely abolished in TH + neurons of FABP3 -/-background (Figure 2A, KO). Furthermore, confocal images along the z-axis revealed ATTO-α-Synuclein inclusions in TH-positive neurons co-localizing with FABP3 in WT mice, whereas no ATTO-positive inclusions were observed in FABP3 KO mice (Figure 2B). FABP3 knockout was confirmed by immunostaining using anti-FABP3 antibody (Figure 2A,B, blue). To further characterize the dependence of α-Synuclein inclusion formation on FABP3, we quantified the fluorescence intensity of ATTO-550 α-Synuclein in the cell bodies of TH + neurons (Figure 2C). MPP + treatment accelerated the accumulation of α-Synuclein in the soma, which was dramatically decreased in FABP3 -/-neurons (Figure 2D, $$$$ p < 0.0001 versus WT MPP + ). Importantly, knocking out FABP3 greatly decreased the area of α-Synuclein inclusions (Figure 2E, $$$$ p < 0.0001 versus WT MPP + ), suggesting that FABP3 participates not only in the uptake but also in the coalescence of α-Synuclein within neurons. We further investigated whether ATTO-positive α-Synuclein inclusions are of fibrillar nature considering that the process of fibrillization is important to the formation of Lewy bodies in PD [START_REF] Mukaetova-Ladinska | Pathophysiology of synuclein aggregation in lewy body disease[END_REF]. Analysis using anti-filamentous α-Synuclein-specific antibody revealed that ATTO-positive inclusions (Figure 2F, red) are co-localized with α-Synuclein filament immunoreactivity in FABP3 +/+ , but not in FABP3 -/-neurons (Figure 2F, green), indicating that the exposure of FABP3 +/+ dopaminergic neurons to MPP + triggered ATTO-550-labeled α-Synuclein fibrillization. α-Synuclein-positive inclusions, apparently similar to the Lewy neurites, were also observed in the neuronal processes (Figure 2G).

FABP3 is Critical for MPP + -Induced Loss of Neurites in Dopaminergic Neurons

Alterations in neurite morphology, including loss of axodendritic processes and changes in branching patterns, are hallmarks of Parkinson s disease and cell models of the disease. Herein, we investigated whether FABP3 participates in the development of morphological characteristics in MPP + -treated dopaminergic neurons. Interestingly, FABP3 knockout neurons exhibited a unique resistance to MPP + -induced neurite retraction (Figure 3A). The exposure of TH + dopaminergic neurons from WT mice to 10 µM MPP + for 48 h led to neurite retraction (Figure 3A, WT MPP + ). In contrast, no significant retraction of axodendritic processes was observed in TH + dopaminergic neurons from FABP3 knockout mice upon exposure to MPP + (Figure 3A, KO MPP + ). 

FABP3 is Essential for MPP + -Induced Mitochondrial Dysfunction in Dopaminergic Neurons

The mitochondria play a central role in aging-related neurodegenerative diseases such as PD [START_REF] Vila | Targeting programmed cell death in neurodegenerative diseases[END_REF][START_REF] Petrozzi | Mitochondria and neurodegeneration[END_REF] and is required to maintain neuronal processes [START_REF] Baranov | Mitochondria modulate programmed neuritic retraction[END_REF]. Additionally, evidence of the loss of mitochondrial integrity following α-Synuclein aggregation has been reported [START_REF] Gribaudo | Propagation of alpha-synuclein strains within human reconstructed neuronal network[END_REF]. To determine whether FABP3 plays a role in mitochondrial dysfunction-associated axodendritic retraction, we assessed its involvement in mitochondrial activity and reactive oxygen species (ROS) generation. To document the role played by FABP3 in the maintenance of mitochondrial integrity, FABP +/+ and FABP3 -/-TH + neurons were subjected to MPP + treatment, and the loss of the mitochondrial membrane potential (ΔΨm) was measured. To this end, dopaminergic neurons were incubated with the cationic dye JC-1, which exhibits specific mitochondrial localization and produces red fluorescence in vital cells if ΔΨm is intact, as well as produces green fluorescence upon loss of ΔΨm. In WT control, confocal microscopy revealed a red-dotted staining pattern, indicating the accumulation of JC-1 in the active mitochondria (Figure 4A). Upon MPP + treatment, TH + neurons showed an increase in cytosolic green fluorescence and a decrease in red fluorescence (Figure 4A and4B). Quantitative analysis of the JC-1 red/green fluorescence intensity ratio revealed a loss of ΔΨm in MPP + -treated TH + dopaminergic neurons in both FABP +/+ and FABP3 -/-neurons (Figure 4B, **** p < 0.0001 versus WT control in red columns). However, intriguingly, FABP3 -/-dramatically attenuated MPP + -induced We also analyzed the number of neurite branches in order to determine the morphological characteristics of FABP3 +/+ and FABP3 -/-neurons. Sholl analysis revealed that MPP + treatment led to the loss of dendritic complexity in the TH + neurons from WT mice but not in those from FABP3 knockout mice (Figure 3B). Knocking out FABP3 neither drastically altered the morphological features of dopaminergic neurons, although the number of branches increased at a distance of 130-150 µm away from the cell body (Figure 3B, * p < 0.05 versus WT control), nor affected the total neurite length compared to WT dopaminergic neurons (Figure 3C). The decrease in neurite length following exposure of WT dopaminergic neurons to MPP + was not observed in FABP3 -/-dopaminergic neurons (Figure 3C, $$$$ p < 0.0001 versus WT MPP + ). These data suggest that FABP3 plays a key role in the process of MPP + -induced neuronal degeneration.

FABP3 is Essential for MPP + -Induced Mitochondrial Dysfunction in Dopaminergic Neurons

The mitochondria play a central role in aging-related neurodegenerative diseases such as PD [START_REF] Vila | Targeting programmed cell death in neurodegenerative diseases[END_REF][START_REF] Petrozzi | Mitochondria and neurodegeneration[END_REF] and is required to maintain neuronal processes [START_REF] Baranov | Mitochondria modulate programmed neuritic retraction[END_REF]. Additionally, evidence of the loss of mitochondrial integrity following α-Synuclein aggregation has been reported [START_REF] Gribaudo | Propagation of alpha-synuclein strains within human reconstructed neuronal network[END_REF]. To determine whether FABP3 plays a role in mitochondrial dysfunction-associated axodendritic retraction, we assessed its involvement in mitochondrial activity and reactive oxygen species (ROS) generation. To document the role played by FABP3 in the maintenance of mitochondrial integrity, FABP +/+ and FABP3 -/-TH + neurons were subjected to MPP + treatment, and the loss of the mitochondrial membrane potential (∆Ψm) was measured. To this end, dopaminergic neurons were incubated with the cationic dye JC-1, which exhibits specific mitochondrial localization and produces red fluorescence in vital cells if ∆Ψm is intact, as well as produces green fluorescence upon loss of ∆Ψm. In WT control, confocal microscopy revealed a red-dotted staining pattern, indicating the accumulation of JC-1 in the active mitochondria (Figure 4A). Upon MPP + treatment, TH + neurons showed an increase in cytosolic green fluorescence and a decrease in red fluorescence (Figure 4A,B). Quantitative analysis of the JC-1 red/green fluorescence intensity ratio revealed a loss of ∆Ψm in MPP + -treated TH + dopaminergic neurons in both FABP +/+ and FABP3 -/- neurons (Figure 4B, **** p < 0.0001 versus WT control in red columns). However, intriguingly, FABP3 -/- dramatically attenuated MPP + -induced loss of ∆Ψm in TH + neurons (Figure 4B, $$$$ p < 0.0001 versus WT MPP + in red columns). These data indicate that FABP3 is critical for MPP + -induced reduction of mitochondrial activity. We further investigated cytosolic ROS production following MPP + treatment by immunocytochemistry using a specific antibody for 4-hydroxy-2-nonenal (4-HNE), a sensitive marker of oxidative damage and lipid peroxidation [START_REF] Majima | 4-hydroxy-2-nonenal (4-hne) staining by anti-hne antibody[END_REF]. Treatment with 10 µM MPP + for 48 h elevated 4-HNE levels in both FABP3 +/+ and FABP3 -/-neurons (Figure 4C,D, **** p < 0.0001 versus WT control). However, the level of MPP + -induced 4-HNE in FABP3 knockout neurons was significantly lower than those in WT neurons (Figure 4D, $$$$ p < 0.0001 versus WT MPP + ). These data suggest that FABP3 is involved in MPP + -induced ROS production. MPP + is taken up by the dopamine transporter (DAT) in dopaminergic neurons, which results in selective degeneration [START_REF] Storch | Dopamine transporter: Involvement in selective dopaminergic neurotoxicity and degeneration[END_REF]; therefore, we also tested DAT expression in dopaminergic neurons. FABP3 -/-neurons showed no significant alteration in the immunofluorescence level of anti-DAT antibody in TH + neurons (Supplementary Figure S1), suggesting that knocking out FABP3 does not directly affect the level of DAT gene expression.

Discussion

α-Synuclein, whether aggregated or not, has been shown to traffic and propagate in vitro and in vivo. It is widely accepted that this process might contribute to Parkinson's disease pathology. The role of FABP3 in this process is unclear. To address this issue, we assessed the uptake of exogenous ATTO-550-labeled α-Synuclein in primary mesencephalic neurons derived from WT or FABP3 -/- C57BL6 mice. To our knowledge, our study is the first to demonstrate the involvement and importance of FABP3 in α-Synuclein uptake. Our data provide new insights into processes that accelerate the formation of α-Synuclein inclusions through the interaction of exogenous monomeric α-Synuclein with endogenous fatty acids and oligomeric α-Synuclein [START_REF] Van Diggelen | Two conformationally distinct alpha-synuclein oligomers share common epitopes and the ability to impair long-term potentiation[END_REF][START_REF] Li | Early stages of aggregation of engineered alpha-synuclein monomers and oligomers in solution[END_REF].

We demonstrated that FABP3 is key for extracellular α-Synuclein monomer uptake using cultured dopaminergic neurons. Indeed, the uptake of ATTO-labeled α-Synuclein monomer is attenuated in FABP3 -/-neuronal cells, in particular in their processes (Figure 1). MPP + induced intracellular aggregation of ATTO-labeled α-Synuclein (Figure 2) in FABP3 +/+ neurons, which have filamentous shapes (Figure 2E, **** p < 0.0001 versus WT control; and Figure 2F), but not in FABP3 -/-neurons (Figure 2E, no significance versus WT control; $$$$ p < 0.0001 versus WT MPP + ; and Figure 2F). This suggests that FABP3 is essential for the aggregation of α-Synuclein to form filamentous-shaped inclusions in dopaminergic neurons.

We also showed that FABP3 plays a central role in MPP + -induced axodendritic retraction. The treatment of FABP3 +/+ , but not FABP3 -/-, neurons with MPP + (Figure 3A,C, **** p < 0.0001 versus WT control) resulted in the loss of neuronal processes. The number of intersections assessed by Sholl analysis revealed that FABP3 is required for the MPP + -induced loss of neuronal branching in TH + neurons (Figure 3B). Intriguingly, even though the total neurite length was not altered, increased intersections at distances of 130, 140, and 150 µm from the soma was observed in FABP3 -/-neurons (p < 0.05 versus WT control, Figure 3B,C). Previous studies showed that the expression of FABP is increased in the brains of patients suffering from schizophrenia and autism [START_REF] Shimamoto | Functional characterization of fabp3, 5 and 7 gene variants identified in schizophrenia and autism spectrum disorder and mouse behavioral studies[END_REF] and that the dendritic spine density is reduced in schizophrenia patients [START_REF] Glantz | Decreased dendritic spine density on prefrontal cortical pyramidal neurons in schizophrenia[END_REF]. Although the distinct role of FABP3 in the generation of neuronal processes is still unclear, the increased neuronal branching in FABP3 -/-neurons, which we reported in our study, indicated that FABP3 negatively modulates axonal generation and maturation in dopaminergic neurons.

Retraction of neuronal processes often results from mitochondrial dysfunction [START_REF] Baranov | Mitochondria modulate programmed neuritic retraction[END_REF]. Analysis of the mitochondrial membrane potential using JC-1 staining revealed that MPP + increased the intensity of red fluorescence (590 nm) and decreased the intensity of green fluorescence (529 nm) in both FABP +/+ and FABP3 -/-dopaminergic neurons (Figure 4A,B, **** p < 0.0001 versus WT control), indicating that MPP + is effective in both FABP +/+ and FABP3 -/-neurons. However, the extent of MPP + -induced ∆Ψm reduction significantly differs in FABP +/+ and FABP3 -/-neurons (Figure 4A,B, $$$$ p < 0.0001 versus WT control in red columns). These data suggest that FABP3 is involved in the MPP + -induced ∆Ψm reduction in dopaminergic neurons. Furthermore, analysis of 4-HNE fluorescence intensity, which is a marker of oxidative stress during fatty acid oxidation, revealed that FABP3 accelerates MPP + -induced ROS production (Figure 4C,D, $$$$ p < 0.0001 versus WT MPP + ). Thus, FABP3 may play a role in the MPP + -induced mitochondrial dysfunction and ROS generation in dopaminergic neurons.

We previously demonstrated that the α3-subunit of Na + /K + -ATPase (NKA) interacts with extracellular α-Synuclein [START_REF] Shrivastava | Alpha-synuclein assemblies sequester neuronal alpha3-na+/k+-atpase and impair na+ gradient[END_REF]. Dysfunction of the neuron-specific α3-subunit is associated with rapid-onset dystonia Parkinsonism (RDP) and alternating hemiplegia of childhood (AHC). Thus, we tested whether FABP3 affects NKA expression in the somatodendritic regions of TH + neurons. As shown in Supplementary Figure S2, α3-NKA levels in the cell bodies and terminals did not significantly change (Supplementary Figure S2). We further explored the mechanism of FABP3-dependent α-Synuclein uptake by examining the effect of FABP3 knockout on somatodendritic neurexin expression in TH + neurons since α-Synuclein interacts with neurexin [START_REF] Rodriguez | Import and export of misfolded alpha-synuclein[END_REF][START_REF] Mao | Pathological alpha-synuclein transmission initiated by binding lymphocyte-activation gene 3[END_REF]. Although we examined the effect of knocking out FABP3 on the somatodendritic expression of neurexin, quantitative analysis revealed no significant alteration in neurexin immunoreactivities (Supplementary Figure S3). An inhibitor of micropinocytosis, cytochalasin D [START_REF] Delenclos | Investigation of endocytic pathways for the internalization of exosome-associated oligomeric alpha-synuclein[END_REF], also showed no significant alteration in the fluorescence intensity of ATTO-550-labeled α-Synuclein monomers in FABP -/-TH + neurons (data not shown). This indicates that a loss of uptake of α-Synuclein due to FABP3 knockout is not sensitive to cytochalasin D. These data suggest that FABP3-dependent uptake of α-Synuclein is regulated by a novel, unique mechanism which has not yet been identified. We will continue to further explore the molecular mechanism of FABP3-dependent uptake of α-Synuclein and the associated-caveola constituent proteins.

Altogether, our observations provide new insights into the function of FABP3 in neuronal cells. FABP3 appears to be critical for the uptake of extracellular α-Synuclein monomers and its aggregation into intracellular filamentous-shaped inclusions in cultured mesencephalic neurons by a novel unidentified mechanism. FABP3 plays a role in MPP + -induced neuronal retraction, mitochondrial activity, and oxidative stress. Our data suggest that FABP3 contributes to the vulnerability of dopaminergic neurons during neuronal degeneration in Parkinson's disease and other synucleinopathies.

Materials and Methods

Animals

Pregnant C57BL/6J wild type mice were purchased from Japan SLC (Shizuoka, Japan). FABP3 -/- mice [START_REF] Schaap | Impaired long-chain fatty acid utilization by cardiac myocytes isolated from mice lacking the heart-type fatty acid binding protein gene[END_REF][START_REF] Binas | Requirement for the heart-type fatty acid binding protein in cardiac fatty acid utilization[END_REF] were housed under climate-controlled conditions with a 12-h light and dark cycle. Animal studies were conducted in accordance with the Tohoku University institutional guidelines. Ethical approval (Number 2017PhL-004 approved on 29 March 2018 and valid until 28 March 2023) was obtained from the Institutional Animal Care and Use Committee of the Tohoku University Environmental and Safety Committee.

Cell Culture

Primary cultures of mesencephalic neurons were prepared as previously described [START_REF] Kawahata | Dopamine or biopterin deficiency potentiates phosphorylation at (40)ser and ubiquitination of tyrosine hydroxylase to be degraded by the ubiquitin proteasome system[END_REF]. The dissected tissues were then treated with papain (Sumitomo bakelite, Tokyo, Japan) and mechanically dissociated into single-cell suspensions. The cells were plated out onto poly-L-lysine-coated cover glass chambers at a density of 3 × 10 5 cells/cm 2 . The cultures were maintained in Eagle's minimum essential medium (FUJIFILM Wako Pure Chemical, Osaka, Japan) supplemented with 10% fetal calf serum for 1-4 DIV or 10% horse serum for 5-12 DIV. The cells were cultured at 37 • C in an atmosphere of 5% CO 2 in the air with 100% relative humidity. All animal experiments were conducted in accordance with the general guidelines for animal experiments at Tohoku University.

Reagents

ATTO-550-labeled α-Synuclein monomer was prepared as previously described [START_REF] Peelaerts | Alpha-synuclein strains cause distinct synucleinopathies after local and systemic administration[END_REF]. 1-methyl-4-phenylpyridinium (MPP + ), the active metabolite of the neurotoxin 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), was purchased from Sigma and prepared as 10 mM stock in dimethyl sulfoxide (DMSO, FUJIFILM Wako Pure Chemical). Cultured neurons were either treated or not treated with 1 µM ATTO-550-labeled α-Synuclein monomer and 10 µM MPP + for 48 h. To examine the sensitivity of FABP3-dependent uptake of α-Synuclein to cytochalasin D, which is an inhibitor of pinocytosis [START_REF] Delenclos | Investigation of endocytic pathways for the internalization of exosome-associated oligomeric alpha-synuclein[END_REF], we exposed cultured mesencephalic neurons to 2 µM cytochalasin D (Merck, Sigma-Aldrich, St. Louis, MO, USA).

Immunocytochemistry

Cultured mesencephalic neurons were fixed for immunocytochemistry at 12 DIV. Following fixation with 4% paraformaldehyde for 30 min, they were incubated with 0.1% Triton X-100 for 15 min. After pre-blocking with 5% goat serum in PBS for 1 h, they were then incubated overnight at 4 • C with the following primary antibodies: Rabbit anti-TH affinity-purified polyclonal antibody (1:400; Millipore, AB152, Billerica, MA, USA), mouse anti-human FABP3 monoclonal antibody, clone 66E2 (1:50; Hycult Biotech, HM2016, Uden, Netherlands), rabbit anti-α-Synuclein filament conformation-specific polyclonal antibody (1:5000, Abcam, ab209538, Cambridge, United Kingdom). To visualize Na + /K + -ATPase and neurexin-1, we also applied anti-ATP1A3 (α3-subunit of Na + /K + -ATPase) mouse monoclonal antibody (1:200; Abcam, ab2826) and anti-neurexin-1-β mouse monoclonal antibody (1:50; Merck, Sigma-Aldrich, MABN607). After washing with phosphate-buffered saline (PBS), the cells were incubated with either Alexa Fluor 405-, 488-, or 546-conjugated secondary antibodies (1:500 dilution, Invitrogen, Carlsbad, CA, USA). Mitochondrial activity was visualized using the JC-1 MitoMP Detection Kit (Dojindo, MT09, Kumamoto, Japan). Images were acquired by confocal laser scanning microscope (TCS SP8, Leica Microsystems, Wetzlar, Germany). For acquiring higher magnification images, we used the photon counting mode of the Leica HyD scanner (Leica Microsystems) (Figure 2C).

Analyses of Fluorescence Intensity and Morphological Characteristics

Quantitative analysis of fluorescence intensity was performed using NIH ImageJ 1.52 software as previously described [START_REF] Kawahata | Accumulation of phosphorylated tyrosine hydroxylase into insoluble protein aggregates by inhibition of an ubiquitin-proteasome system in pc12d cells[END_REF]. First, the background signal intensities were measured from regions without any cells and subtracted from all the images, and the remaining signals of cells were used to define total cell areas.

To define the morphological characteristics of cultured mesencephalic neuronal processes, individual TH-positive neurons were randomly selected and analyzed by Sholl analysis [START_REF] Meijering | Design and validation of a tool for neurite tracing and analysis in fluorescence microscopy images[END_REF][START_REF] Sholl | Dendritic organization in the neurons of the visual and motor cortices of the cat[END_REF]. Sholl analysis was performed using the Sholl tool of Fiji J [START_REF] Ferreira | Neuronal morphometry directly from bitmap images[END_REF] to quantify the number of intersections at 10 µm intervals from the soma [START_REF] Klim | Als-implicated protein tdp-43 sustains levels of stmn2, a mediator of motor neuron growth and repair[END_REF]. Statistical analysis was performed by comparing the number of intersections of the cultured mesencephalic neurons derived from FABP3 -/-mice with those from cultured mesencephalic neurons from wild type mice for each 10 µm interval using GraphPad Prism 8 (GraphPad Software, CA, USA).

Statistical Analyses

All values are expressed as mean ± standard error of mean (SEM). Statistical significance was tested by one-way analysis of variance (ANOVA) with post-hoc Tukey's multiple comparison test or two-way ANOVA with post-hoc Bonferroni's multiple comparison test. A p value < 0.05 was considered as statistically significant. All the statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, CA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/21/ 5358/s1.
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Figure 1 .

 1 Figure 1. Cultured primary dopaminergic neurons require fatty acid-binding protein 3 (FABP3) to take up α-Synuclein. (A) Representative images of TH + mesencephalic neurons at days in vitro (DIV) 12 derived from wild type (WT) or FABP3 -/-C57BL6 mice. Neurons were exposed to 1 μM ATTO-550-labeled α-Synuclein monomer for 48 h and stained with antibody against tyrosine hydroxylase (TH, green). Scale bar: 10 μm. (B) Quantitative analysis of the ratio of ATTO-550-labeled α-Synuclein fluorescence intensity (FL) to TH immunoreactivity in the region of interest (ROI)-selected soma of individual TH + neurons shown in A (white square 15 × 15 μm). **** p < 0.0001 in wild type (WT) versus FABP3 -/-(KO), n > 20. (C) Ratio of ATTO-550 fluorescence intensity to TH immunoreactivity in ROIselected neuronal processes shown in A (white square 10 × 30 μm). **** p < 0.0001 in WT versus KO, n > 60. (D) The calculated ratio of ATTO-550 to TH in the individual terminal (C) was divided by the value in the soma (B) to represent the superiority on the α-Synuclein uptake in the axonal processes compared to the uptake in the soma. **** p < 0.0001 in WT versus KO, n > 20.
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 1 Figure 1. Cultured primary dopaminergic neurons require fatty acid-binding protein 3 (FABP3) to take up α-Synuclein. (A) Representative images of TH + mesencephalic neurons at days in vitro (DIV) 12 derived from wild type (WT) or FABP3 -/-C57BL6 mice. Neurons were exposed to 1 µM ATTO-550-labeled α-Synuclein monomer for 48 h and stained with antibody against tyrosine hydroxylase (TH, green). Scale bar: 10 µm. (B) Quantitative analysis of the ratio of ATTO-550-labeled α-Synuclein fluorescence intensity (FL) to TH immunoreactivity in the region of interest (ROI)-selected soma of individual TH + neurons shown in A (white square 15 × 15 µm). **** p < 0.0001 in wild type (WT) versus FABP3 -/-(KO), n > 20. (C) Ratio of ATTO-550 fluorescence intensity to TH immunoreactivity in ROI-selected neuronal processes shown in A (white square 10 × 30 µm). **** p < 0.0001 in WT versus KO, n > 60. (D) The calculated ratio of ATTO-550 to TH in the individual terminal (C) was divided by the value in the soma (B) to represent the superiority on the α-Synuclein uptake in the axonal processes compared to the uptake in the soma. **** p < 0.0001 in WT versus KO, n > 20.

Figure 2 .

 2 Figure 2. FABP3 is required for the formation of α-Synuclein inclusions in 1-methyl-4phenylpyridinium (MPP + )-treated dopaminergic neurons. (A) Representative images of TH + mesencephalic neurons at DIV 12 derived from wild type (WT) and FABP3 -/-C57BL6 mice. Neurons were exposed to 1 μM ATTO-550-labeled α-Synuclein monomer with or without 10 μM MPP + for 48
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 2 Figure 2. FABP3 is required for the formation of α-Synuclein inclusions in 1-methyl-4-phenylpyridinium (MPP + )-treated dopaminergic neurons. (A) Representative images of TH + mesencephalic neurons at

Figure 3 .

 3 Figure 3. Representative dendritic morphology of TH + dopaminergic neurons derived from wild type or FABP3 -/-mice. (A) Representative traced dendritic patterns of wild type (WT) or FABP3 -/-(KO) dopaminergic neurons either treated or not treated with 10 μM MPP + for 48 h. (B) Sholl analysis of WT or FABP3 KO dopaminergic neurons either treated or not treated with MPP + . **** p < 0.0001, ** p < 0.01, * p < 0.05 versus WT control, n > 20. (C) Average neurite length of WT or FABP3 -/-dopaminergic neurons. **** p < 0.0001 versus WT control; $$$$ p < 0.0001 versus WT MPP + , n > 20.
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 3 Figure 3. Representative dendritic morphology of TH + dopaminergic neurons derived from wild type or FABP3 -/-mice. (A) Representative traced dendritic patterns of wild type (WT) or FABP3 -/-(KO) dopaminergic neurons either treated or not treated with 10 µM MPP + for 48 h. (B) Sholl analysis of WT or FABP3 KO dopaminergic neurons either treated or not treated with MPP + . **** p < 0.0001, ** p < 0.01, * p < 0.05 versus WT control, n > 20. (C) Average neurite length of WT or FABP3 -/-dopaminergic neurons. **** p < 0.0001 versus WT control; $$$$ p < 0.0001 versus WT MPP + , n > 20.

  Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 15 loss of ΔΨm in TH + neurons (Figure 4B, $$$$ p < 0.0001 versus WT MPP + in red columns). These data indicate that FABP3 is critical for MPP + -induced reduction of mitochondrial activity.

Figure 4 .

 4 Figure 4. FABP3 is involved in MPP + -induced reduction of mitochondrial activity and ROS production in dopaminergic neurons. (A) Representative images of JC-1-stained TH + neurons. The white boxes indicate regions of interest (ROIs), which are magnified in the upper right in each image and quantified to measure the fluorescence intensity. Scale bar: 10 μm. (B) Quantitative analysis of Ex590 (red) and Ex529 (green) fluorescence intensity in JC-1-stained TH + neurons. **** p < 0.0001 versus wild type (WT) control; $$$$ p < 0.0001 versus WT MPP + , n > 20. (C) Representative images of TH + neurons (red) stained with anti-4HNE antibody (green). The white boxes show ROIs to measure 4-HNE fluorescence intensity. Scale bar: 10 μm. (D) Quantitative analysis of 4-HNE immunoreactivity in TH + cells. **** p < 0.0001 versus WT control; $$$$ p < 0.0001 versus WT MPP + , n > 20.

Figure 4 .

 4 Figure 4. FABP3 is involved in MPP + -induced reduction of mitochondrial activity and ROS production in dopaminergic neurons. (A) Representative images of JC-1-stained TH + neurons. The white boxes indicate regions of interest (ROIs), which are magnified in the upper right in each image and quantified to measure the fluorescence intensity. Scale bar: 10 µm. (B) Quantitative analysis of Ex590 (red) and Ex529 (green) fluorescence intensity in JC-1-stained TH + neurons. **** p < 0.0001 versus wild type (WT) control; $$$$ p < 0.0001 versus WT MPP + , n > 20. (C) Representative images of TH + neurons (red) stained with anti-4HNE antibody (green). The white boxes show ROIs to measure 4-HNE fluorescence intensity. Scale bar: 10 µm. (D) Quantitative analysis of 4-HNE immunoreactivity in TH + cells. **** p < 0.0001 versus WT control; $$$$ p < 0.0001 versus WT MPP + , n > 20.
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